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Abstract: We study fermions in an electrically-probed and asymptotically anti-de Sitter
Schwarzschild spacetime which interact via novel chiral symmetry-preserving interactions.
Computing the dual fermion two-point correlator, we show that these bulk interactions
anisotropically gap Fermi surfaces of the boundary spectrum. Consequently, the interac-
tions we devise provide holographic models for Fermi arcs seen ubiquitously in the pseu-
dogap regime of the cuprates. Our interactions are modifications of the chiral symmetry-
breaking Pauli coupling, which has previously been proposed as the holographic realization
of Mott physics. The onset of Mott insulation and pseudogap physics are respectively dis-
cussed in the context of bulk chiral and boundary parity symmetry breaking, and the Mott
transition is interpreted as a deconfinement transition of non-Fermi liquid excitations.
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Superconductivity in the copper-oxide ceramics remains unresolved largely because of
the unconventional electronic properties of the normal state. For example, when holes
are doped into the copper-oxide planes, the metallic state that ensues is not characterized
by a continuous closed surface in momentum space as dictated by Landau’s paradigmatic
theory of metals. Rather, the surface is truncated, forming what are referred to as Fermi
arcs [1–5]. This stark deviation from the standard theory of metals can be viewed in one
of two ways: either some type of order [6, 7] gives rise to a Fermi pocket with momentum-
dependent spectral intensity that is vanishingly small for some range of momenta, or the
problem is inherently rooted in strong coupling physics in which zeros of the single-particle
electronic Green function, caused by a divergent self-energy [8–12], are at the base of the
vanishing spectral weight. These scenarios are distinguished based on their adherence
to the Luttinger sum rule [13]. Within the former, quasiparticles exist but carry spectral
weight too small to be measured experimentally on the ‘back half’ of the Fermi pocket, and
so Luttinger’s rule is satisfied. In the latter, however, whenever det ReG(ω = 0,k) = 0 the
Luttinger rule is inapplicable [13–15]. Experimentally, the measured Fermi surface areas
[2, 3, 5] at zero magnetic field violate Luttinger’s rule, a state of affairs which persists
even at large fields [16]. The central problem of Fermi arcs thus appears to be elucidating
how strong interactions persist from the Mott insulating state and partially gap the Fermi
surface of the doped state.
An ideal resolution of this problem would utilize a non-perturbative method to account
for the strong interactions in the Mott state while delineating a mechanism for Fermi arc
formation. While Fermi arcs have been obtained numerically [12] and phenomenologically
[10], they have evaded analytical methods that are valid in the strongly coupled regime. To
address this shortcoming, we utilize the gauge/gravity duality [17–19] (or ‘holography’) —
a method relating the physics of strongly interacting quantum systems to that of weakly
interacting gravitational systems in one higher dimension — to investigate Fermi arc for-
mation from non-Fermi liquid states. Prior holographic studies have generated Fermi arcs
by anisotropically condensing fermions into p-wave [20] or d-wave [21] superconducting
states, but this cannot describe cuprate physics because the cuprate arcs form at temper-
atures above the superconducting transition. In contrast, we present a mechanism for arc
formation which does not utilize superconductivity, and therefore represents a distinctly
different state. The key result of this work is quite clear. States in which a gap forms
without manifest symmetry breaking, hereafter referred to as Mott states, are realized
at the boundary of asymptotically anti-de Sitter geometries by bulk fermions undergoing
chiral symmetry-breaking interactions. In contrast, Fermi arcs obtain from the breaking
of a discrete symmetry at the boundary, induced by chiral symmetry-preserving interac-
tions in the bulk. We provide concrete illustrations of the latter in bottom-up models with
(2+1)-dimensional and parity-broken boundary duals, and argue that boundary theories of
chiral symmetry-invariant holographic fermions are most naturally interpreted as two-fluid
models undergoing momentum space confinement/deconfinement transitions.
While there are several ways [19, 22–25] to implement the holographic program for
fermion matter at finite density, we pursue a bottom-up construction in which the action
for a bulk (d + 1)-dimensional gravitational system is supplemented with fermionic fields
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that source operators at the d-dimensional boundary. Since this procedure provides only
correlation functions for the boundary theory, there is considerable lee-way in choosing the
fermion interactions in the bulk. Schematically our action
Sbulk = Sgrav + Sgauge + Sfer (1)
will consist of gauge and gravity sectors, Sgauge and Sgrav respectively, with Sfer describing
probe fermionic fields which source fermion operators in the boundary conformal theory.
The only restriction on the gauge and gravitational parts of the action is that they provide
geometries which asymptote to anti-de Sitter (AdS) spacetime at the boundary. In fact,
one of the key conclusions of our work is that our results are independent of the detailed
gravitational structure of the bulk, provided it contains electromagnetism and some form
of a black hole.
Our focus at the outset is the fermionic part of the action. Fermi to non-Fermi liq-
uid behavior has previously been shown [23, 24] to emerge from the simple choice of the
Dirac action minimally coupled to four-dimensional Reissner-Nordstro¨m-AdS (RN-AdS4),
in which bulk fermions ψ of mass m source boundary fermion operators of scaling di-
mension d/2 ± mL, with L the curvature radius of the asymptotic AdS geometry. The
two possible scalings of the boundary operators follow from independent prescriptions for
identifying the operators’ sources and responses, referred to as standard and alternative
quantization (resp. ±). This construction also produces gapped spectra as m is increased,
but this has not been tied to Mott physics and the model’s symmetry forbids descriptions
of pseudogaps. Nonetheless, there are a number of non-minimal gauge interactions that
can be added to extend this model, the simplest of which is the Pauli coupling,
Sfer =
∫
dd+1x
√−g iψ ( /D −m− ip /F )ψ, (2)
with p controlling the strength of a dipole interaction between the fermionic and Maxwell
fields. Structurally, the dipole interaction provides shifts in fermion momenta that depend
on the the boundary chemical potential; this charge scale shifts only the fermion frequencies
in the minimal model. Tuning p from large negative (< −1) to large positive (> 1)
values (in the conventions of Ref. [26]) results in diverse phenomenology of the boundary
fermions: the dominant low-frequency pole in their spectrum passes through regimes of
Fermi liquid-, marginal Fermi liquid-, and non-Fermi liquid-like scaling before reaching a
gapped phase. While the gapped structure was thought [26, 27] to obtain from a vanishing
of the quasiparticle residue, in actuality it arises from an exact pole–zero duality within
the diagonal blocks of the boundary fermion propagator,
Gii(ω, k;m, p) = − 1
Gii(ω,−k;−m,−p) , (3)
first shown for RN-AdS4 [28] and later for electrically-probed Schwarzschild-AdS4 (SS-
AdS) [29]. The inverse relationship [23] between Gii(ω, k;m, p) and Gii(ω,−k;−m,−p),
ultimately rooted [29] in the two quantizations for holographic fermions, was not exploited
until it was realized [28] that the boundary spectrum must solely exhibit zeros for large
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positive p, as it contains only poles at large negative p. It is well-known [8, 9, 11–13, 30]
that the Mott gap requires zeros of the single-particle propagator. Consequently, the
vanishing of the spectral weight is due to zeros and the bulk Pauli coupling in RN-AdS4
and electrically-probed SS-AdS4 mimics Mott physics.
There is a subtlety, however, in the Mott gap formed from the Pauli interaction.
Although the symmetries of the boundary spectrum are preserved, the Pauli term has a
non-zero anticommutator with the generator of chiral rotations, {Γab,Γ5} 6= 0. That is,
chiral symmetry is broken in the bulk. This is not entirely surprising since chiral symmetry
breaking is a typical mechanism for the generation of mass. However, more than the static
breaking of this symmetry is relevant here. What is crucial to note is that the Pauli term
only generates a gap for sufficiently large and positive values of p; there would be no such
restriction if the gap were attributable merely to loss of chiral symmetry. Because the
Pauli term changes the scaling dimension of the dual boundary operators and increasing
the exponent converts pole singularities to zeros, it is ultimately the dynamical breaking of
chiral symmetry that is the root cause of the gap. The same reasoning applies to the gap
generated by the Dirac mass m in the minimal model, though in that case gapping ensues
without alteration of the coupling between bulk fermions and the boundary charge scale.
Though the dimensionality of the bulk and boundary differ, they share time coordinates and
fermion charges and so must share time reversal and charge conjugation symmetries. Bulk
chiral symmetry breaking must then be reflected in discrete symmetries of the boundary.
Extrapolating to flat-space lattice models, where chiral symmetry is a combination of
particle–hole and time reversal symmetry, we may take the holographic results to mean
that the generation of Mott-type gaps requires the breaking of one of these symmetries.
Because the pseudogap is not a completely gapped phase, we expect holographic models
for Fermi arcs to preserve bulk chiral symmetry. Exploiting the pole–zero duality inherent
in the Pauli construction, we anticipate that a bulk interaction which couples fermion
momenta to different signs of the Pauli term should generate both poles and zeros and
hence Fermi arcs. Consequently, we propose the following bulk fermion action to model
Fermi arcs,
Sfer =
∫
d4x
√−g iψ
(
/D −m− i℘1Γ/F + ℘2(nˆ · ~Γ)/F
)
ψ. (4)
The non-minimal interactions tuned by ℘1 and ℘2 differ from the dipole interaction of (2)
through the presence of the matrices Γ ≡ ΓrΓt(nˆ · ~Γ) and nˆ · ~Γ, which restore bulk chiral
symmetry while breaking rotational and Lorentz symmetries of the boundary theory. The
loss of boundary rotational invariance is necessary to model anisotropic phenomena such
as Fermi arcs and is characterized in our model by the breaking of parity along the unit
vector nˆ.1 If preserving bulk symmetries is preferred, an interaction like the second can be
engineered using a bulk vector field χ constrained by a boundary condition. Consider the
1In two dimensions parity is defined by a sign change of only one spatial coordinate, which requires a
choice of reflection line. The vector nˆ provides a normal to the line across which boundary parity is broken.
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fermion action
Sfer =
∫
d4x
√−g iψ ( /D −m+ ℘3/χ/F )ψ. (5)
If χ is taken as a constant solution of its equation of motion, the reduced form of the action
above yields an interaction nearly identical to the ℘2 interaction, save for an extra frame
field factor. For simplicity we examine the interactions individually.
Beginning with the ℘1 interaction, we may naively infer the effects of Γ from our
understanding of the pole–zero duality and the Pauli coupling model. From the work of
Refs. [26, 29] we know that, with m = 0, the Pauli model produces sharp Fermi surfaces
at large negative p and gapped spectra at large positive p. In terms of the two diagonal
entries of the boundary fermion Green function Gij(ω,k), these Fermi surfaces manifest in
two poles: one of G11 at (ω = 0, |kF |), and one of G22 at (ω = 0,−|kF |), with the Fermi
momentum kF depending on the background geometry. The ℘1 interaction enters the
bulk Dirac equation in the same way as the Pauli coupling along the nˆ-momentum axis —
preserving the general pole/zero structure of G11 and G22 in this frame — but inverts the
sign of p in the G11 block. Consequently, in the nˆ frame the pole that was once present at kF
becomes a zero at −kF , coincident with the pole still present in G22, and when G22(0, kF ; p)
andG11(0, kF ;−p) have negligible spectral weight the Fermi surface gaps at kF . Conversely,
the ℘2 interaction is a less straightforward modification of the dipole coupling, and therefore
does not manifestly engineer pole/zero coexistence in the boundary spectrum.2 Its virtues
are preservation of bulk chiral symmetry and omission of the radial boost generator ΓrΓt
present in the ℘1 interaction; the former property is demanded by our line of reasoning,
while the latter gives the interaction a form more aesthetically natural from the perspective
of the boundary, where radial boosts lack straightforward interpretation.
While the above considerations provide some intuition about the spectrum in the nˆ
frame, the model’s lack of rotational symmetry makes it difficult to infer spectral properties
at general momenta. To remedy this we have numerically computed the boundary fermion
spectral function in planar SS-AdS4 with a Maxwell probe. Qualitatively identical results
are found in extremal RN-AdS4. Unnormalized spectral densities of the boundary fermions
at the small frequency ω = 10−3 + iδ, for four values of the ℘1 interaction and two of ℘2,
both with nˆ = xˆ, are presented in Fig. 1. Spectral densities resulting from two values of the
℘3 interaction, with χ = dx, are presented in Fig. 2. A small broadening factor δ = 10
−6
was introduced to resolve poles in the retarded Green function. More information about
the geometry and computation of Green functions, including parameters used to generate
Fig. 1, may be found in the appendix.
In the absence of the non-minimal interactions, electrically-probed SS-AdS4 hosts a
highly-broadened Fermi surface in the boundary dual. Once the ℘1 or ℘2 interaction is
switched on, the previously-discussed gapping process ensues: spectral weight on the right
half of the Fermi surface is suppressed, while that on the left half is enhanced. This
2The dipole and ℘1 interactions couple the same bulk fermion degrees of freedom in the nˆ frame, differing
only in the signs of those couplings. The ℘2 interaction couples different degrees of freedom, so the pole/zero
structure it induces at the boundary cannot be immediately inferred from the dipole model.
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Figure 1: Boundary fermion spectral functions A(ω, kx, ky), at ω = 10
−3 + iδ, δ = 10−6,
in the Fermi arc model (4) with couplings of ℘1 = 0, 1, 2, 4 with ℘2 = 0 (panels (a)–(d)),
and with ℘2 = 0.2, 0.4 with ℘1 = 0 (panels (e)–(f)). Other bulk parameter choices are
listed in the appendix.
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Figure 2: Boundary fermion spectral functions A(ω, kx, ky), with the same modeling
parameters as Fig. 1, in the Fermi arc model (4) with couplings of ℘3 = 1 and 1.8 (left,
right).
trend continues as ℘1 and ℘2 are increased, leading to an unmistakably arc-like spectrum
as Fig. 1 reveals. If either coupling constant is instead tuned to negative values, the
spectral suppression and enhancement occur on the left and right halves of the Fermi surface
(respectively). The ℘3 interaction yields arcs as well, but of a slightly different variety;
gaps form off the kx axis, while a pocket of spectral weight forms opposite the arc on the
kx axis. Thus, our bulk interactions necessarily provide gapless spectra in the boundary
dual, in contrast with the chiral symmetry-breaking interactions that have previously been
studied. Note that the center of mass momentum produced by our interactions may be
canceled by introducing a second, independent flavor of bulk fermions that experience the
same interaction with coupling −℘i. Further, our mechanism generates arcs without the
aid of superconductivity [20, 21], and hence could provide a framework for understanding
the emergence of arcs in the cuprates.
From the bulk perspective the arc formation is most easily understood in terms of
bulk fermion orbits. Technically, poles and zeros of boundary fermion propagators reflect
the linear independence of fermion sources and responses; these objects are identified with
the boundary values of the two (two-component) Γr eigenspinors, and the propagator
is defined as the transformation matrix that relates them (see appendix). Yet the bulk is
nothing but an on-shell scattering problem for Dirac particles in a radial potential encoding
gravity and electromagnetism.3 Numerical solutions of the Dirac equation (with in-falling
boundary conditions) reveal that the Γr eigenspinors assume non-normalizable scattering
states for most boundary wave modes. At certain frequencies and momenta, however, one
of the spinors (or more generally one of its components) can enter a normalizable bound
state; this is precisely where poles and zeros appear in the boundary spectral function.
3Quantum corrections are in principle suppressed through the weak-coupling/strong-coupling duality
between bulk and boundary.
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Holographic Fermi surfaces are attributed [23] to the ‘source’ spinor occupying a bound
state. Similarly, zeros appear at frequencies and momenta where the ‘response’ spinor is
bound to the black hole. The relationship between the pole–zero duality and the choice of
quantization scheme naturally follows. Our model (4) thus achieves a coexistence of poles
and zeros, and exhibits Fermi arcs, by mediating bound states for both types of fermions
via its non-minimal interactions.
Understanding the arc from the boundary perspective is a more difficult task, as the
field theory mechanisms behind holographic Fermi surfaces are under debate (competing
interpretations are discussed in Refs. [31] and [32]), while those behind holographic zeros
have not been investigated. We can make some interpretive progress, however, by appealing
to holographic generalizations of Luttinger’s rule [33]. These generalizations illustrate how
on-shell Dirac fermions — i.e., bulk charges external to a black hole — provide a traditional
Luttinger count by adding the volumes contained by Fermi surfaces to the boundary charge.
In contrast, charges contained by a black hole provide an explicit deviation from the tradi-
tional count. But there is a critical oversight in these works as they ignore the possibility
of zeros. The Pauli model provides many instances of zero surfaces in the boundary spec-
trum, and by the arguments here zeros are attributable to charges outside the black hole.
Thus, even in the holographic context, zeros represent charged degrees of freedom which
lack structure in momentum space. Our Fermi arc model then implies that the pseudogap
is a two-fluid state composed of momentum-confined and momentum-deconfined charges.
Building a field theoretic understanding of the latter would not only be interesting in its
own right, but may also elucidate how pseudogaps intervene the development of non-Fermi
liquids from Mott insulating states.
Given the central role played by gravity and electromagnetism in the bulk, it is nat-
ural to wonder how backreaction of fermions will affect results from probe models. The
key questions concern how bulk geometries and fermion orbits are altered by backreac-
tion. Fermion orbits are observed widely enough in bottom-up and top-down models for
us to expect their presence in generic AdS-black hole geometries, but it is not obvious that
backreacted systems will support the ω = 0 bound states necessary for boundary zeros
and Fermi surfaces. What is encouraging, however, is that recent work on the existence
of Fermi surfaces in top-down constructions [34] can be understood entirely in terms of a
competition between gravity and electromagnetism. In the cases studied [34], Fermi sur-
faces are always observed when there are bulk fermions with (positive) charge appreciably
greater than their mass, provided the black hole hosts the corresponding electric field. In
marginal cases where fermion charges and masses are comparable, the existence of a Fermi
surface is contingent upon the presence of a positive Pauli interaction. Hence, investigat-
ing backreacted geometries should reveal whether or not the presence of zeros leads to an
increase in the charge behind the horizon as a result of infall of fermion bound states. Such
infall would be consistent with Mott insulation arising from deconfined charges behind the
horizon.
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Appendix: Model details and calculation of correlators
We study bulk fermions with non-minimal interactions, described by the Lagrangian
Lfer = i
√−g ψ
(
/D −m− i℘1Γ/F + ℘2(nˆ · ~Γ)/F
)
ψ, (6)
with Γ ≡ ΓrΓt(nˆ ·~Γ) and ~Γ ≡ (Γx,Γy). We take nˆ = xˆ henceforth. The covariant derivative
and Maxwell tensor may be written
/D = eMc Γ
c
(
∂M +
1
4
ωabMΓab − iqAM
)
,
/F =
1
2
ΓabeMa e
N
b FMN ,
(7)
with eMa the (inverse) vielbein, ω
ab
M the spin connection, and Γ
ab ≡ 12 [Γa,Γb]. Our index
conventions use capital Roman letters for bulk coordinates M,N · · · = {t, xi, r} and lower-
case Roman letters for tangent space coordinates a, b · · · = {t, xi, r}.
For the geometric background we choose Schwarzschild-AdS in (d+1) = 4 dimensions.
Parametrizing in the Poincare´ patch, the line element may be written
ds2 =
r2
L2
(−f(r)dt2 + dx2)+ L2
r2
dr2
f(r)
. (8)
We take the black hole to have unit (dimensionless) mass, so the emblackening factor is
given by
f(r) = 1−
(r0
r
)3
, (9)
with r0 denoting the horizon radius. The temperature of the boundary theory is then
T = 3r0/4piL
2. We give the Maxwell probe the form familiar from RN-AdS4,
A = µ
(
1− r0
r
)
dt, µ = Qr0/L
2, (10)
and treat Q as a tuning parameter for the boundary chemical potential µ. When we refer
to electrically-probed SS-AdS in the main text, we mean the metric (8) with the probe
Maxwell field (10). The plots in Fig. 1 were generated with Q =
√
3, r0 = L = q = 1, and
m = 0.
To evaluate the Dirac operator it is convenient to Fourier transform the bulk spinor in
the boundary coordinates and scale it by the factor r3/2f1/4 to eliminate the spin connec-
tion. Hence we take ψ(r, x) ∼ ψ(r, k)r3/2f1/4eik·x, with k ≡ (ω,k). Choosing the following
basis for the Dirac matrices,
Γr =
(
−σ3 0
0 −σ3
)
, Γt =
(
iσ1 0
0 iσ1
)
,
Γ1 =
(
−σ2 0
0 σ2
)
, Γ2 =
(
0 σ2
σ2 0
)
,
(11)
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and rescaling the non-minimal couplings as ℘i → ℘iL, the Dirac equation for the scaled
fields yields two coupled equations,
r2
L2
√
f(r)∂rψj =
iσ2√
f(r)
(
ω + qµ
(
1− r0
r
))
ψj − σ3
( r
L
m+ (−1)j℘2µr0
r
)
ψj
− (−1)jσ1
(
℘1µ
r0
r
− k1
)
ψj + σ1k2ψi.
(12)
Here we have expanded the spinor as ψ = (ψ1, ψ2)
T , with the two-component spinors ψj
reflecting the block structure of (11). The final factor of ψi should strictly take i 6= j. For
a more detailed derivation, see Ref. [26].
The retarded Green functions of boundary fermion operators are realized by asymp-
totic solutions to the bulk Dirac equation, subject to in-falling conditions on the bulk
spinors at the black hole horizon. Asymptotically the solutions to (12) are ψj(r, k) =
(bj(k)r
−mL, aj(k)rmL)T , with j ∈ {1, 2}. In the mass window |mL| < 1/2 we are free to
choose the aj or the bj as the sources for fermion operators in the dual theory. Though there
is no distinction between these “quantization” schemes in the zero mass case of the minimal
model, we make the standard choice of A = (a1, a2)
T as the source and B = (b1, b2)
T as
the vacuum expectation value of a boundary fermion operator. Generally the source and
vev are related through a linear transformation, B = SA, from which the Green may be
computed via [35]
G(ω,k) = −iSγt, (13)
with γt a boundary Dirac matrix (γt = iσ1 in our basis). The causal structure of this
Green function is determined by boundary conditions on the bulk spinors at the black hole
horizon, with in-falling conditions providing the data for retarded correlators.
Though it is possible in principle to compute the transformation matrix S through
numerical integration of the Dirac equation, in practice it is often easier to work with
a set of first-order, non-linear evolution equations for the Green function components.
To implement this procedure, we first expand the Dirac equation about the horizon to
determine a basis of in-falling states for the bulk spinors. The near-horizon expansion
gives
(r − r0)
ω˜
∂r
(
ψ1
ψ2
)
=
(
iσ2 0
0 iσ2
)(
ψ1
ψ2
)
, (14)
where ω˜ ≡ ωL2/r0d. Writing the two-component bulk spinors as ψj = (βj , αj)T , in-falling
solutions ξI, ξII are given by the eigenvectors of diag(iσ2, iσ2) with eigenvalue −i , or
ξI =
(
i, 1, 0, 0
)T
, βI1 = i, α
I
1 = 1, β
I
2 = α
I
2 = 0, (15a)
ξII =
(
0, 0, i, 1
)T
, βII1 = α
II
1 = 0, β
II
2 = i, α
II
2 = 1. (15b)
The components αj and βj act respectively as sources and responses for fermion operators
at the conformal boundary, with the Green function given by (13). The data from both
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sets of boundary conditions can be encoded in a single equation by defining the matrices
[36]
Y =
(
βI1 β
II
1
βI2 β
II
2
)
, Z =
(
αI1 α
II
1
αI2 α
II
2
)
, Y = GZ, (16)
such that G asymptotically realizes the boundary Green function (13). Taking a derivative
of the third equality and making use of the Dirac equation (12), we derive the following
evolution equation for G,
r2
L2
√
f(r)∂rG = M+ +GM +MG−GM−G, (17)
where the matrices M± and M are
M± =
(
±v±(r)− kx ky
ky ±v∓(r) + kx
)
,
M =
1
r
(
℘2µr0 0
0 −℘2µr0
)
,
(18)
and
v±(r) ≡ 1√
f(r)
(ω + qAt(r))± ℘1µr0
r
. (19)
The in-falling conditions (15) provide the initial condition
lim
r→r0
G =
(
i 0
0 i
)
, (20)
which allows numerical integration of (17).
Acknowledgments
We thank Rob Leigh, Tom Faulkner, and Onkar Parrikar for their characteristically level-
headed remarks and the NSF DMR-1461952 for partial funding of this project. STR
acknowledges support from the ONR YIP Award N00014-15-1-2383. PP also acknowledges
partial support from the Center for Emergent Superconductivity, a DOE Energy Frontier
Research Center, Grant No. DE-AC0298CH1088 and the J. S. Guggenheim Foundation.
References
[1] M. R. Norman, H. Ding, M. Randeria, J. C. Campuzano, T. Yokoya, T. Takeuchi et al.,
Destruction of the Fermi surface in underdoped high-Tc superconductors, Nature 392 (Mar.,
1998) 157–160, [cond-mat/9710163].
[2] H.-B. Yang, J. D. Rameau, Z.-H. Pan, G. D. Gu, P. D. Johnson, H. Claus et al.,
Reconstructed Fermi Surface of Underdoped Bi2Sr2CaCu2O8+ Cuprate Superconductors,
Physical Review Letters 107 (July, 2011) 047003.
– 11 –
[3] T. Yoshida, X. J. Zhou, K. Tanaka, W. L. Yang, Z. Hussain, Z.-X. Shen et al., Systematic
doping evolution of the underlying Fermi surface of La2−xSrxCuO4, Physical Review B 74
(Dec., 2006) 224510, [cond-mat/0510608].
[4] P. D. C. King, J. A. Rosen, W. Meevasana, A. Tamai, E. Rozbicki, R. Comin et al.,
Structural Origin of Apparent Fermi Surface Pockets in Angle-Resolved Photoemission of
Bi2Sr2−xLaxCuO6+, Physical Review Letters 106 (Mar., 2011) 127005, [1012.1484].
[5] I. M. Vishik, W. S. Lee, R.-H. He, M. Hashimoto, Z. Hussain, T. P. Devereaux et al.,
ARPES studies of cuprate Fermiology: superconductivity, pseudogap and quasiparticle
dynamics, New Journal of Physics 12 (Oct., 2010) 105008, [1009.0274].
[6] S. Chakravarty, R. B. Laughlin, D. K. Morr and C. Nayak, Hidden order in the cuprates,
Physical Review B 63 (Mar., 2001) 094503, [cond-mat/0005443].
[7] M. R. Norman, A. Kanigel, M. Randeria, U. Chatterjee and J. C. Campuzano, Modeling the
Fermi arc in underdoped cuprates, Physical Review B 76 (Nov., 2007) 174501, [0708.1713].
[8] F. H. Essler and A. M. Tsvelik, Weakly coupled one-dimensional Mott insulators, Physical
Review B 65 (Mar., 2002) 115117, [cond-mat/0108382].
[9] R. M. Konik, T. M. Rice and A. M. Tsvelik, Doped Spin Liquid: Luttinger Sum Rule and Low
Temperature Order, Physical Review Letters 96 (Mar., 2006) 086407, [cond-mat/0511268].
[10] K.-Y. Yang, T. M. Rice and F.-C. Zhang, Phenomenological theory of the pseudogap state,
Physical Review B 73 (May, 2006) 174501, [cond-mat/0602164].
[11] S. Hong and P. Phillips, Towards the standard model for Fermi arcs from a Wilsonian
reduction of the Hubbard model, Physical Review B 86 (Sept., 2012) 115118, [1110.0440].
[12] T. D. Stanescu and G. Kotliar, Fermi arcs and hidden zeros of the Green function in the
pseudogap state, Physical Review B 74 (Sept., 2006) 125110, [cond-mat/0508302].
[13] K. B. Dave, P. W. Phillips and C. L. Kane, Absence of Luttinger’s Theorem due to Zeros in
the Single-Particle Green Function, Physical Review Letters 110 (Mar., 2013) 090403,
[1207.4201].
[14] A. Rosch, Breakdown of Luttinger’s theorem in two-orbital Mott insulators, European
Physical Journal B 59 (Oct., 2007) 495–502, [cond-mat/0602656].
[15] B. L. Altshuler, A. V. Chubukov, A. Dashevskii, A. M. Finkel’stein and D. K. Morr,
Luttinger theorem for a spin-density-wave state, EPL (Europhysics Letters) 41 (Feb., 1998)
401–406, [cond-mat/9703120].
[16] S. Chakravarty, Quantum oscillations and key theoretical issues in high temperature
superconductors from the perspective of density waves, Reports on Progress in Physics 74
(Feb., 2011) 022501, [1006.4180].
[17] J. M. Maldacena, The Large N limit of superconformal field theories and supergravity, Int. J.
Theor. Phys. 38 (1999) 1113–1133, [hep-th/9711200].
[18] E. Witten, Anti-de Sitter space and holography, Advances in Theoretical and Mathematical
Physics 2 (1998) 253–291, [hep-th/9802150].
[19] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from non-critical
string theory, Physics Letters B 428 (May, 1998) 105–114, [hep-th/9802109].
[20] D. Vegh, Fermi arcs from holography, ArXiv e-prints (July, 2010) , [1007.0246].
– 12 –
[21] F. Benini, C. P. Herzog and A. Yarom, Holographic Fermi arcs and a d-wave gap, Physics
Letters B 701 (July, 2011) 626–629, [1006.0731].
[22] S.-S. Lee, Non-Fermi liquid from a charged black hole: A critical Fermi ball, Physical Review
D 79 (Apr., 2009) 086006, [0809.3402].
[23] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, Emergent quantum criticality, Fermi
surfaces, and AdS2, Physical Review D 83 (June, 2011) 125002, [0907.2694].
[24] M. Cˇubrovic´, J. Zaanen and K. Schalm, String Theory, Quantum Phase Transitions, and the
Emergent Fermi Liquid, Science 325 (July, 2009) 439, [0904.1993].
[25] J. P. Gauntlett, J. Sonner and D. Waldram, Universal Fermionic Spectral Functions from
String Theory, Physical Review Letters 107 (Dec., 2011) 241601, [1106.4694].
[26] M. Edalati, R. G. Leigh, K. W. Lo and P. W. Phillips, Dynamical gap and cupratelike
physics from holography, Physical Review D 83 (Feb., 2011) 046012, [1012.3751].
[27] M. Edalati, R. G. Leigh and P. W. Phillips, Dynamically Generated Mott Gap from
Holography, Physical Review Letters 106 (Mar., 2011) 091602, [1010.3238].
[28] J. Alsup, E. Papantonopoulos, G. Siopsis and K. Yeter, Duality between zeroes and poles in
holographic systems with massless fermions and a dipole coupling, Physical Review D 90
(Dec., 2014) 126013, [1404.4010].
[29] G. Vanacore and P. W. Phillips, Minding the gap in holographic models of interacting
fermions, Physical Review D 90 (Aug., 2014) 044022, [1405.1041].
[30] I. Dzyaloshinskii, Some consequences of the Luttinger theorem: The Luttinger surfaces in
non-Fermi liquids and Mott insulators, Physical Review B 68 (Aug., 2003) 085113.
[31] O. DeWolfe, S. S. Gubser and C. Rosen, Fermi Surfaces in Maximal Gauged Supergravity,
Physical Review Letters 108 (June, 2012) 251601, [1112.3036].
[32] L. Huijse, S. Sachdev and B. Swingle, Hidden Fermi surfaces in compressible states of
gauge-gravity duality, Physical Review B 85 (Jan., 2012) 035121, [1112.0573].
[33] N. Iqbal and H. Liu, Luttinger’s theorem, superfluid vortices and holography, Classical and
Quantum Gravity 29 (Oct., 2012) 194004, [1112.3671].
[34] C. Cosnier-Horeau and S. S. Gubser, Holographic Fermi surfaces at finite temperature in
top-down constructions, Physical Review D 91 (Mar., 2015) 066002, [1411.5384].
[35] N. Iqbal and H. Liu, Real-time response in AdS/CFT with application to spinors, Fortschritte
der Physik 57 (June, 2009) 367–384, [0903.2596].
[36] T. Faulkner, G. T. Horowitz, J. McGreevy, M. M. Roberts and D. Vegh, Photoemission
“experiments” on holographic superconductors, Journal of High Energy Physics 3 (Mar.,
2010) 121, [0911.3402].
– 13 –
